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ABSTRACT 


A  study  has  been  made  of  the  problem  of  elastic  collisions  and 
energy  transfer  between  gases  which  have  separate  Maxwellian  velocity 
distributions.  It  is  shown  that  the  expression  for  the  energy  transfer 
rate  obtained  by  Desloge  (1962)  for  gases  of  arbitrary  temperature  and 
particle  mass  can  be  adapted  into  a  convenient  form  which  involvSs  a 
ratio  of  the  particle  masses,  the  difference  in  the  gas  thermal  energies, 
and  a  collision  frequency  for  energy  transfer.  An  analysis  is  then  made 
of  the  collision  frequency  in  terms  of  an  average  momentum  transfer 
cross  section  which  is  defined  for  conditions  of  thermal  nonequilibrium. 
The  general  equations  are  then  specialized  to  consider  the  problem  of 
elastic  electron  collisions  in  heavy  particle  gases.  To  obtain  useful 
numerical  expressions  for  electron-neutral  particle  collision  frequen¬ 
cies  and  energy  transfer  rates,  an  analysis  has  been  made  of  the 
momentum  transfer  cross  sections  for  N2,  O^,  O,  H,  and  He.  Calcula¬ 
tions  have  also  been  made  of  the  Coulomb  momentum  transfer  cross 
section,  collision  frequency,  and  energy  transfer  rate .  These  results 
are  then  compared  with  previous  work. 
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I.  -  INTRODUCTION 


In  order  to  understand  the  thermal  behavior  of  ionized 
atoms  or  molecules  which  are  subjected  to  selective  heating  pro¬ 
cesses  it  is  necessary  to  know  the  different  rates  of  collisional 
energy  transfer  between  charged  and  neutral  particle  species.  Once 
these  have  been  determined  it  is  possible  to  use  energy  balance 
equations  to  derive  appropriate  temperatures  for  each  of  the  species 
present.  Hence,  in  all  generality  it  is  necessary  to  have  expres¬ 
sions  for  electron-ion,  electron-neutral,  and  ion-ion  energy  transfer 
rates.  The  use  of  the  full  set  of  such  energy  transfer  relations 
is  currently  required  in  the  theoretical  description  of  electron 
and  ion  temperatures  in  the  upper  atmosphere 

In  this  paper  an  investigation  is  made  of  elastic  collisional 
energy  transfer  between  mixed  gases  of  arbitrary  particle  mass  having 
separate  Maxwellian  velocity  distributions.  It  is  shown  in  Section  II 
that  the  exact  equation  for  energy  transfer,  derived  by  Desloge  (1962), 
can  be  separated  into  three  fundamental  factors,  each  of  which  depends 
upon  a  different  aspect  of  the  collision  process  and  gas  composition. 

The  concept  o,.  a  nonequilibriuo  collision  frequency  for  energy  trans¬ 
fer  is  introduced  for  particle  interactions  of  somewhat  arbitrary 
cross  section.  In  a  similar  manner  the  equations  leading  Co  the  de- 
velopSMnt  of  an  average  nonequilibrium  momentum  transfer  cross  section 
are  derived 

Following  the  presentation  of  the  general  relations,  which 
are  valid  for  particles  of  arbitrary  mass  and  temperature,  the  results 
are  specialised  to  consider  elastic  collisions  between  electrons  and 
heavy  particles.  In  Section  III  we  consider  the  difficulties  invol¬ 
ved  in  deriving  average  momentum  transfer  cross  sections  for  electron  • 
heavy  particle  interactions. 
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For  electron  collisions  with  other  chsrged  particles  it  is  found 
that  the  classical  Rutherford  differential  sca*’t<‘^ing  cross  sactlw.. 
can  be  used  to  arrive  at  results  which  are  in  accord  with  previous 
calculations.  The  problem  of  elastic  electron  collisions  with  neu¬ 
tral  particles  is  more  difficult  and  it  is  necessary  to  analyze 
both  laboratory  data  and  theoretical  derivations  in  order  to  arrive 
at  useful  sections  for  1^2 •  O^*  0,  He.  and  H. 

The  application  of  the  cross  section  data  is  isade  in 
Section  IV  to  obtain  expressions  for  momentum  transfer  collision 
frequencies  and  rates  of  electron  energy  transfer  A  comparison 
is  then  made  between  the  present  results  and  those  which  have  been 
used  in  earlier  studies  of  electron  energy  transfer  rates  as  applied 
to  the  problems  of  the  ionospheric  energy  balance 

Section  V  is  devoted  to  a  general  summary  of  the  results 
of  this  study. 

II. -  RASIC  IQUATIONS 


1>  General  Derivation 

The  derivation  of  the  equation  which  describea  the  rate  of 
energy  exchenge  between  two  gases  with  Maxwellian  velocity  distributions 
having  different  tesq>eretures  and  particle  masses  has  been  mde  by  Des- 
lo^e  (1962).  By  applying  velocity  distribution  techniques  to  the 
mechanics  of  elastic  c  jlllslons  he  was  able  to  evaluate  the  average 
rate  of  change  of  the  total  kinetic  energy  of  one  gas  as 
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qjj(g)  “  2  n  y  a(g,0)  (l-cos  9)  sin  9  d9  (2c) 

and 

U  -  gas  tot^l  kinetic  energy 

n  •  particle  nunber  density 

a  *  particle  aass 

T  •  Maxwellian  teaperature 

k  '  Boltzaann's  constant 

g  •  relative  velocity  between  particles 

<1j^(g)  ‘  velocity  dependent  aoaentua  transfer  cross  section 

V  -  particle  velocity  in  laboratory  systea 

d  V  -  velocity  space  voluae  eleaent 

6  *  center  of  aass  scattering  angle 

o(g»0)  *  differential  scattering  cross  section 

f  -  velocity  distribution  function. 

Equation  (1)  Is  valid  for  conditions  where  separate  Maxwellian  velocity 
distributions  can  be  aelntalned  and  where  a  suitable  aoaentua  transfer 
cross  section  can  be  found.  In  particular,  Oesloige  (1962)  has  shown 
that  this  equation  accurately  describes  the  energy  transfer  rates  for 
both  elastic  spheres  and  Couloab  particles. 


In  the  Interests  of  further  clarity,  It  will  now  be  shewn 
that  it  Is  possible  to  rearrange  aqua,  n  (1)  In  such  a  way  that  a 
deeper  physical  Insight  can  be  obtalneo  .  ito  the  problem  of  elastic 
colllslonal  energy  transfer  between  Naxw  .  «.an  distributions  of  par 
tides. 
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A«  «  brl«f  guide,  the  following  discussion  is  bssed  upon  s  simple 
model  of  energy  trsnsfer  for  s  single  psrticle  moving  in  s  gss. 

By  defining  an  spproprisCe  collision  frequency  for  energy  trsnsfer 
end  s  momentum  trsnsfer  cross  section  it  Is  possible  to  derive 
e  generel  funetionel  form  for  the  energy  exchenge  rete  between  two 
geses.  Such  e  form  een  be  compered  with  equetloa  (1)  to  obteln 
specific  equetions  for  the  collision  frequency  end  momentum  trens* 
fer  cross  section  which  ere  eppliceble  to  the  problem  of  energy 
trsnsfer. 


He  consider  first  the  everege  energy  loss  per  collision 
of  e  single  psrticle  of  mess  m^  end  kinetic  treveling  through 
e  gss  composed  of  pertlcles  of  mess  end  everege  energy 
everege  loss  of  kinetic  energy  per  collision,  for  this  single 
psrticle  is,  es  shown  by  Crompton  end  Huxley  (1962), 
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(3) 


To  describe  the  rete  et  which  the  single  psrticle  losses 
energy  per  unit  time  we  msy  introduce  the  concept  of  the  single  per> 
tide  collision  frequency  given  by 
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with  n^  the  ambient  ges  number  density.  Since  this  quantity  repre* 
sente  the  coll'iion  rete  of  e  single  particle  in  e  ges  we  may  now 
combine  equetions  (3)  end  (4)  to  obtain  the  average  rete  et  which 
the  single  particle  losses  energy  es 
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If,  instead  of  a  single  particle,  we  have  a  large  nuaber 
of  particles  coisbining  to  fora  a  Maxwellian  gas  aixed  with  the  ori¬ 
ginal  gas,  we  aay  approxiaate  the  total  average  energy  exchange*  rate 
by  the  expression 


dt 
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where  now  an  average  energy  trhich  corresponds  to  the  Maxwellian 

distribution  of  single  particles  which  we  permitted  to  becoaa  the 
aixed  gas.  Likewise,  *n  average  collision  frequency  which, 

unlike  equation  (4),  aust  now  be  suitably  defined  to  take  account  of 
the  aany  different  relative  velocities  between  the  various  gas  particles. 


The  derivation  leading  to  equation  (6)  is  not  rigorous  since 
the  proper  averaging  techniques  of  kinetic  theory  needed  to  arrive 
at  an  exact  expression  heve  not  been  used.  It  gives,  however,  a 
functional  fora  for  the  energy  exchange  rete  between  two  gases  which 
can  be  ueed  to  decoapose  the  original  exact  result  of  DesloCge  (1962) , 
given  in  equation  (1),  into  three  factors  ;  a  ratio  of  aasses,  a  diffe¬ 
rence  in  average  particle  Margies,  and  an  energy  tranefer  collision 
frequency.  The  first  two  quantities  are  independent  of  the  aode  of 
interaction  between  the  two  gee  epeciee,  depending  only  upon  the 
appropriate  aasses  and  average  gas  theimal  energies.  It  is  thus  the 
collleion  frequency  which  aust  conUU,  the  factors  which  relate  to  the 
interpart  tele  forces. 


In  order  that  the  correct  form  for  an  average  collision 
frequency  My  be  eyntheeited  from  the  comparieencf  equations  (1)  and 
(6)  we  require  that  the  functional  fora  of  the  average  colliaion 
frequency  be 


-  6  - 


"l?  *  "2  8  S 

which  fillows  for  the  presence  of  an  arbitrary  nuiserlcal  factor  in 
the  final  result  fbr  quantity  g  is  the  Kaxwellian  ave> 

rage  relative  velocity  between  the  particles  of  the  two  gases  while 
is  the  defined  average  nonentua  transfer  cross  section  appropriate 
for  conditions  of  thensal  nonequilibriua.  The  quantity  g  can  be  de¬ 
rived  directly  for  the  notions  of  two  gases  having  distribution  functions 
f^  and  f^  by  the  equation 


*  ’  If  I  ''i  I  ‘*^1 

where  d  v.  .  are  the  respective  velocity  space  voluaa  elenents  for  the 

1  g2 

two  velocity  distributions.  For  f^  and  f^  representing  separate 
Kaxwellian  velocity  distribution  functions  it  is  possible  to  inte¬ 
grate  equation  (9)  to  obtain » 

/8kv  1/2  rl,  I  -1  1/2 

the  subscripts  applying  to  the  paraoeters  of  each  respective  gas. 


With  this  result  it  is  now  possible  to  synthesise  the 
necessary  expressions  for  the  average  energy  transfer  collision 
frequency  and  the  average  isoaentua  transfer  cross  section.  Through 
nanipulation  of  equations  (1) ,  (6) ,  (8) »  and  (10)  the  latter  quantity 
becoBMs 


(11) 


(12) 
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Equation  (II)  is  the  generalization  of  the  ■oottntum  transfer  cross 
section  to  situations  where  theraal  equilibriua  does  not  prevail 
between  gases  conposed  of  particles  with  different  nasses  and  dif¬ 
ferent  Maxwellian  distributions.  Under  a  condition  of  equilibrium 
we  nay  take  T^“  which  reduces  ionediately  to  the  standard  form  for 
the  average  momentum  transfer  cross  section  given  by  Dalgamoi  et  al. 
(1958) . 


In  a  similar  manner  the  comparison  of  equations  (1) ,  (6) , 
and  (8)  and  (11)  permits  the  recognition  of  the  average  momentum 
transfer  collision  frequency  as 
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or,  using  equation  (10), 
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which  represents  the  generalization  to  conditions  of  different 
Maxwellian  velocity  distributions  of  two  gases.  For  ar  equilibrium 
state  such  as  T  and  with  p representing  the  two  particle  re¬ 

duced  mass, 

(15) 

which  is  a  factor  of  4/3  larger  than  the  total  scattering  collision 
frequency  derived  by  Chapman  and  Cowling  (1952).  This  same  factor  has, 
however,  been  noted  by  Nicolet  (1953)  in  an  analysis  of  electron  col¬ 
lision  frequencies  based  upon  an  analysis  of  collision  intervals  and 
diffusion  coefficients  derived  by  the  velocity  distribution  method. 
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As  a  final  result  it  is  now  possible  to  express  equation  (1) 
in  terms  of  the  collision  frequency,  difference  in  energy,  and  nmss 
factor  as 
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Thlt  •quatlon  r«pr«tcnta  tha  final  goal  of  tha  darlvatlon  alnca  va  now 
hava  dacoapoaad  tha  ganaral  aquation  into  a  fora  which  ralataa  Co  diffarant 
aapaeta  of  tha  eolliaion  procaaa  for  anargy  tranafar. 


2 •  Application  to  81actron  fnaray  Tranafar 

Wa  now  axtand  tha  pracading  aquationa  to  conaidar  tha  pro- 
blaa  of  an  alactron  gaa  aixad  with  anothar  gaa  coaq>oaad  of  haavy  par- 
ticlaa  auch  that  Tha  aquationa  darivad  for  thia  aituation  will 

ba  applicabla  to  alaatic  alactron-nautral  and  alactron*ion  colliaiona. 


Froa  aquation  (11)  tha  avaraga 
tion  bacoaaa 


tua  tranafar  croaa  aac* 


S‘(iE?3 


a 


■/. 


V  q_(v  )  a  2kT  dv 
'D  a'  a 


(17) 


whara  v  ia  tha  alactron  velocity  ainca»  for  a^  «  tha  ralativa 
velocity  g  ia  datermined  alaoat  entirely  by  tha  aotiona  of  tha  a> 
lactrona  alone. 


Tha  avaraga  alactron  eolliaion  frequency  can  likawiaa 
ba  obtained  froa  aquation  (14)  under  tha  aasuaption  that 

•• 

4  /  8kT  N  1/2  _ 
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dependant  upon  tha  alactron  taaparatura  alone. 


Finally,  tha  rate  of  exchange  of  kinetic  anargy  batwaan  the 
alactron  gaa  and  tha  aacond  gaa  ia  obtained  froa  aquation  (16)  aa 
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It  is  interesting  to  note  that  the  energy  transfer  collision 
frequency,  v^,  can  be  directly  related  to  the  theory  of  the  electrical 
conductively  of  a  plasma.  From  Shkarofsky,  et  al.  (1961)  the  equiva¬ 
lent  collision  frequency  of  electrons  which  limits  the  conduction  of  current 
in  a  plasma  subjected  to  a  weak  electric  field  can  be  derived  as 


where  is  the  velocity  dependert  electron  collision  frequency  for 
momentum  transfer  defined  in  equatir'  (4)  and  u  is  the  angular  fre¬ 
quency  of  the  applied  electric  field.  It  the  radio  frequency  w  is 

2  2 

much  larger  than  the  collision  frequency  such  that  u)  »  v  this 


equation  reduces  to 


V 


equiv 


2 

m^v 

v^  V  e  2kT  dv 

e  e 


(22) 


which  is  exactly  the  same  as  the  electron  collision  frequency  given  in 
equation  (18).  Thus,  by  means  of  high  frequency  radio  experiments  in 
dilute  plasmas  it  should  be  possible  to  obtain  experimental  data  which 
can  be  used  directly  to  calculate  elastic  electron  energy  transfer  rates 
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The  appliceClon  of  Che  preceding  ecuations  Co  the  pcotleo 
of  detenelnlng  electron  collision  frequencies  and  energy  exchange  rates 
In  heavy  gases  is  laade  in  the  follcving  sections.  First,  hove^'er,  it 
is  necessary  to  adept  adequate  expressions  for  the  vooraentum  transfer 
cross  sections.  For  electron-neutral  ccllislons  there  exist  no  con¬ 
venient  snelytlcal  results  and  it  is  recesssr)'  to  analyse  existing 
laboratory  and  theoretical  results.  The  problem  of  Coulomb  ccllislons, 
however I  is  amenable  to  a  direct  theoretical  approach. 

III.-  BLBCTROM  CROSS  SRCTIOMS  FOR  HQMENTUM  TRANSFER 
1.  Crosa  Sections  for  Neutral  Particles 


Since  theoretical  methods  usually  do  not  yield  accurate  valuea 
of  q^  for  low  energy  electron-neutral  collisions  it  is  necessary  to 
rely  upon  the  available  experimental  measurements,  Descriptions  of  the 
current  smthods  ueed  to  obtain  ncMsentum  transfer  cross  sections  for 
electron-neutral  collisions  can  be  found  in  Massey  end  Burhop  (K52>» 
MeOeniel  (1964)  •  end  Hasted  (1964).  As  has  been  ciTphaslscdi  xt  i»  the 
collision  cross  section  for  mooenttua  transfer  which  5s  of  dotaineclng 
importance  in  determining  the  form  of  the  energy  aqu.2tion8.  Uefor- 
tunetelyi  most  early  experiments  were  designed  to  give  values  of  the 
total  scattering  cross  section  and  it  is  only  vlthin  the  pest  ij  yeate, 
with  the  advent  of  the  af.crowave  condcctivity  and  drift  velocity  methods • 
that  accurate  values  of  the  momentum  ernnsfer  cross  section  have  been 
determined . 


In  the  following  secticxis  each  atmospheric  gas  Ic  considered 
separately  with  respect  to  electron  collisions  and  epprocr.*ate  expressions 
for  Che  momentum  transfer  section  ere  adopted 
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The  results  of  theoreticel  studies  and  experimental  measurements 
for  by  various  workers  over  the  past  28  years  are  given  by  Shkarofsky, 
et  al.  (1961).  Corrections  have  been  made  by  ihese  authors  for  the  velo* 
city  distributions  of  the  colliding  electrons  in  all  the  previous  experi- 
menti.  Nevertheless,  the  values  of  the  measuretl  cross  sections  vary  by 
as  much  as  6SX.  More  recent  studies  have  been  based  upon  microwave 
and  electron  mobility  experiiaents.  These  methods  have  tended  to  produce 
much  more  consistent  data  and  are  capable  of  covering  a  wide  range  of 
electron  energies.  The  results  of  recent  experiments  are  presented  in 
Figure  1. 


At  low  electrcn  energies  in  the  range  0.003  to  0.05  ev,  Pack 
and  Phelps  (1961)  have  measured  the  drift  velocity  of  electrons  under 
the  influence  of  a  constant  electric  field.  Their  data  on  the  moaMm* 
turn  cross  section  agree  well  with  the  earlier  measurements  of  Pack, 
et  al.  (1951)  who  used  a  microwave  conductivity  device  over  the  energy 
range  0.02  to  0.03  ev.  Anderson  and  Goldstein  (1956a).  employing  a 
slightly  different  microwave  technique,  obtained  results  which  diverge 
from  other  work,  showing  a  substantial  increase  in  q^  at  low  electron 
energies.  When  the  work  of  Crompton  and  Huxley,  as  reported  by 
Shkarofsky.  et  al.  (1961).  and  Crompton  and  Sutton  (1952)  is  con¬ 
sidered.  it  appears  that  experiiMntal  errors  probably  exist  in 
Anderson  and  Goldstein's  work.  Further.  Huxley  (1956)  obtained  re¬ 
sults  consistent  with  the  earlier  measurements  of  Croaq>ton  and  Sutton 
and  the  later  data  of  Pack  and  Phelps. 

Frost  and  Phelps  (1962)  and  Inglahardt.  et  al.  (1964)  have 
uaed  a  method  of  integrating  the  Boltamann  equation  to  choose  proper 
values  for  q^.  Their  method  consisted  of  adopting  appropriate  sets  of 
elastic  and  inelastic  cross  sections  and  then  solving  the  BoltoMnn 


MOMENTUM  TRANSFER  CROSS  SECTION 
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FIGURE  I 


(A»)  3 


-  13  - 


equation  for  the  equilibrium  electron  velocity  distribution  function 
in  the  presence  of  an  electric  field  energy  source.  Next,  they  com¬ 
puted  the  electron  mobilities  and  diffusion  coefficients.  Since  these 
are  experimentally  known  quantities,  the  theoretical  results  could 
be  compared  with  the  measurements.  When  differences  existed,  sui¬ 
table  changes  were  made  in  the  cross  sections  until  consistent  re¬ 
sults  followed. 


For  electron  energies  between  0.02  ev  and  0.1  ev  the  data 
of  Pack  and  Phelps  (1961)  can  be  represented  by  the  equation 

q^  ■  18.8  X  10  c  cm  ,  (23) 

where  c  is  the  electron  energy  measured  in  electron  volts  (ev) .  For 
energies  above  0.1  ev  this  expression  leads  to  an  overestimate  of  the 
true  cross  section.  Prom  the  data  of  Bnglehardt.  et  al.  (1964)  a  sui¬ 
table  generalisation  to  include  the  region  0.1  -  1.0  ev  is 


/io  «  ,  ,  1/2^  1/2  ,  -16  2 

q^j  •  (18.3  -  7.3  c  )  e  x  10  cm  , 


(24) 


Applying  equation  (17)  to  equation  (24)  yields 


Qjj(Nj)  -  (2.82  -  3.41  X  lO’S^)  x  lo’^^  cm*  (25) 

In  essence,  this  result  represents  the  first  correction  to  the  work 

of  Pack  and  Phelps  (1961)  such  that  the  collision  frequency  and  energy 

loss  rate  can  now  be  evaluated  over  the  range  100*  a  T  a  4S00*K.  For 

*4  ^ 

low  temperatures  the  correction  term,  3.41  x  10  T^,  Is  small.  At 

temperatures  above  2000*K,  however,  there  la  a  significant  reduction 
of  the  cross  section  below  that  sihich  follows  from  the  original  cross 
section  of  Pack  and  Phelps. 


1.2  Holecular  (hiygen 

The  results  of  all  experimental  and  thecretical  studiee  of 
the  electron-molecular  oxygen  momentum  trenafer  cross  section  conducted 


-  14  - 


prior  to  1958  h&vt  boon  coi^>llod  bj  Shkorofskyi  tt  *1.  (1961).  In 
gonoral,  tha  vr.riov.s  results  do  not  yield  consistent  values..  How¬ 
ever »  the  early  work  of  Crowpton  and  Huxley i  as  reported  by  Cook  and 
Lorents  (196C)i  over  the  energy  range  0.2  to  2.0  ev  has  been  found 
to  agree  well  with  later  data.  In  particular*  Fhelps  (1960)  ana¬ 
lysed  the  9.3  Me  sderowave  conductivity  data  given  by  Van  Lint  (1959) 
and  watched  It  to  an  assuoed  first  power  dependence  upon  the  electron 
velocity  to  detenslne  a  single  particle  collision  cross  section, 
lecently*  Mentsonl  (1965)  has  wade  a  direct  aeasureiient  of  the  elec¬ 
tron  collision  frequency.  By  aamsiing  the  cross  section  to  be  pro¬ 
portional  to  the  elytron  energy*  he  found  a  collision  cross  section 
which  was  a  factor  of  1.6  saaller  than  that  given  by  Phelps. 

Phelps  (1963)  conducted  an  analysis  using  the  Boltanann  e- 
quatlon  to  evaluate  the  drift  velocity  and  ratio  of  the  diffusion 
coefficient  to  the  electron  eoblllty.  By  adjusting  the  various 
cross  sectl<ms*  he  wts  able  to  find  agreeaent  between  predicted  and 
■easured  values.  Phelps  and  Hake  (1965)  repeated  the  analysis  using 
■ore  refined  ■eaeurcaents  of  electron  aoblllty  and  diffusion  coefficients. 
Their  results*  shown  In  Figure  2.  should  be  accurate  to  within  Kft 
In  the  electron  energy  renge  0.2  a  c  a  2.0  ev.  A  difficulty  arises^ 

In  adopting  a  slaple  expression  to  represent  the  energy  dependence 
of  the  cross  section.  As  a  flrat  approxlaatloo  a  good  fit  to  the 
experlsMntal  data  Is 

q^^  -  (2.2  ♦  5.1  c^^*)  X  lo’^*  as*  (26) 

over  the  energy  range  0.02  a  c  a  1.0  ev.  Proa  equation  (17) 
given  by 

Qg  (Oj)  •  2.2  X  10*^*  (I  ♦  3.6  X  10**  t^^^*)  cm*  , 
end  applies  fer  150*  9000*. 


(27) 


MOMENTUM  TRANSFER  CROSS  SECTION 
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FIGURE  2 
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l.XACoaie  Omma 

mmmmmmmmmmMmm 


Th«r«  artt  •«v«ral  Mptriaantal  r*«ultt  for  tho  voluot  of 

tho  total  •cattorlng  erott  MCtion*  in  atoale  oxygon,  but  non# 

for  tho  memantm  tranofor  erooa  oaetloo  alnco  tho  chaaical  actl* 

vlty  of  oxygon  ■akao  MMooroBoato  difficult  In  any  eloood  eontalnor. 

■oynabor,  at  al.  (1961)  eonduetod  a  toUl  aeaturlng  oxporlaont  but 

no  data  vara  tak«i  bolow  oloetron  onargloa  of  2  av,  far  abova  tha 

tharaal  anarglaa  of  tha  uppar  atBoaphora.  At  thla  anargy  it  waa 

-16  2 

found  that  ■  5.9  x  10  ea  •  Aaotbar  axparinont  by  Lin  and 

Xiual  (1999)  waa  nada  at  a  lovar  anargy.  Thay  found  a  noBantun 

-16  2 

tranafar  eroaa  aaetion  of  1.9  x  10  cb  at  a  Boan  alactron  anar¬ 
gy  of  0.9  av. 


Fraa  quantuB  thaory,  Klain  and  giuaknar  (1999)  darivad  a 
Bothod  of  ralating  aeattaring  phaaa  ahifta  to  BaaauroBanta  of  photo- 
dataetaaont  eroaa  aaetiona.  It  vaa  latar  pointad  out  b>  Coopar  and 
Martin  (1962)  that  tha  ealeulatad  photodacachBont  eroaa  aaetiona  did 
not  Batch  meant  maulta  and,  furthar,  that  tha  affactlva  ranga  thaory 
uaad  by  Elain  and  inicknar  uaa  not  valid  at  lov  alactron  tnargiaa. 
Coopar  and  Martin  than  raealeulatad  tha  antim  problon,  obtaining 
now  valuao  of  tha  ^aa  ahifta.  In  tha  abaanea  of  diraet  axpari- 
Bontal  raaulta  thaaa  valuaa  can  ba  uaad  to  obtain  an  axpraaaioo  for 
tha  BOBantuB  tranafar  eroaa  aaetion  according  to  tha  mlation  (MeOanial, 
1964) 


% 
tm  V 


4x  ^ 


ain 


<V 


(2*> 


Vhara  ia  tha  quantuB  Bachanical  uava  ouBbar  of  mlativa 

Botion,  h  la  Flanek'a  conatant,  L  la  tha  angular  Boaantva  quantua 
nuBbar.  and  6^  la  tha  L-th  uara  partial  wave  phaaa  ahifta  of  tha  ra¬ 
dial  aalntion  to  Schrodingar'a  oquation. 
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Teadcln  (1958)  alto  approachad  tha  problaa  In  a  thaoratlcal 

Hunnar  and  aade  a  calculation  of  tha  S*vava  contribution  to  tha  total 

acattaring  croaa  aaction.  Ha  coaparad  hit  ratulta  with  thoaa  of 

Bataa  and  Naaaay  (1947)  and  concludad  that  tha  trua  valua  of  tha 

total  scattaring  cross  aaction  was  brackatad  by  tha  two  calculations. 

Tha  results  of  thaaa  calculations  ara  shown  in  Figure  3.  To  give  an 

indication  of  tha  trua  valua  of  tha  values  of  P-wava  phase  shifts 

given  by  Cooper  and  Martin  have  bean  added  to  tha  S*wava  values  of 

Taakin,  and  Bates  and  Massey.  Tha  values  for  tha  scattering  phase 

shifts  given  by  Cooper  and  Martin  ara  accepted  hare  aa  providing  a 

basis  for  dataraining  tha  aoaiantusi  transfer  cross  section  for  atosd>c 

oxygen.  Extrapolating  froa  tha  good  agraasMnt  found  by  these  authors 

for  tha  problaa  of  negative  ion  photodatachaent,  it  appears  that  the 

error  involved  in  using  tha  theoretical  phase  shifts  for  dataraining 

q^  should  be  lass  than  30X  for  electron  enargiea  below  0.5  av.  Thus. 

it  does  not  appear  unreasonable  to  accept  an  average  valua  of 

•16  2 

q^  ■  OA  ±  1.0)  X  10  ca  for  electrons  in  atoaic  oxygen.  Using 
this  expression  tha  average  aoasntua  transfer  cross  section  becoaas 

Qjj(O)  -  (3.4  1  1.0)  X  lo"^^  ca*.  (29) 

independent  of  the  electron  teaperature  for  T^  <  4000*K. 

1.4.  4to^c  H|^ro|en 

No  experisantal  aaaaureaents  have  been  aade  for  the  electron* 
hydrogen  aaiMntua  transfer  cross  section.  However,  recent  theoretical 
treataents  of  electron  scattering  in  hydrogen  have  produced  predicted 
total  cross  sections  which  are  in  good  agreeaant  with  the  aeaaured 
total  cross  section  as  detetained  by  Neyaber,  et  al.  (1961)  and 
Breclnan,  et  al.  (1958).  Thua,  the  error  involved  in  using  the  aaae 
partial  wave  phase  shifts  to  detecaine  the  aosantw  transfer  cross 
section  by  aeena  of  equation  (28)  should  not  be  large.  T^  siailar 


CROSS  SECTIONS 


FIGURE  3 


ELECTRON  ENERGY  E  (ev) 


theoretical  calcalations  of  the  scattering  phase  shifts  for  electrons 
in  atonic  hydrogen  have  been  published  by  Saith,  et  al.  (1962)  and  Burke 
and  Schey  (1962) .  Both  derivations  eaploy  a  close  coupling  approcination 
where  the  scattering  wave  function  is  expanded  in  tersu  of  hydrogen 
atom  stationary  eigenstates.  For  the  present  treatnent,  the  results 
of  Saith  et  al.  are  used. 

In  calculating  from  the  partial  wave  phase  shifts  for 
atomic  hydrogen  it  is  necessary  to  include  both  the  singlet  and 
triplet  contributions  to  the  scattering.  Using  equation  (28)  with 
the  proper  weighting  factors  yields  a  form  for  q^  shown  in  Figure  4. 

A  suitable  analytic  expression  for  the  energy  dependence  is 

qjj  -  (54.7  -  28.7  c)  x  lo‘^^  cm^,  (30) 

which  gives  a  cross  section  considerably  larger  than  that  found  for 
the  other  atmospheric  constituents.  Using  this  expression  the  average 
moBMntum  transfer  cross  section  is 

Qp(H)  -  (54.7  -  7.45  x  lo"^  T^)  x  lo“^^  cm^  ,  (31) 

over  the  temperature  range  150*  s  a  5000*.  It  is  difficult  to  assess 
the  error  involved  in  deriving  but  an  arbitrary  estimate  of  +  25X| 
based  on  the  correspondence  between  theoretical  and  experiountal  results 
for  the  total  cross  section,  should  give  a  rea  onable  indication.  A 
difficulty  is  noted,  however,  in  that  there  exist  no  reported  measuresients 
of  the  scattering  cross  section  below  I  ?v,  and  it  is  possible  that  there 
may  be  errors  in  the  application  of  theoretical  values  to  this  region. 

1.5.  Helium 


The  experimentally  determined  values  for  q^^  are  in  good  agreement. 
Pack  and  Phelps  (1961)  conducted  an  electron  drift  experiment  over  the 
energy  range  0.003  <  c  <  0.05  ev  obtaining  a  constant  cross  section  of 


FIGURE  4 


ELECTRON  ENERGY  C  (vv) 


5.6  X  10  CB  .  Phelps,  et  el.  (1951)  perforaed  e  alcroweve  conductivity 

experlaent  over  the  renge  0.02  <  e  <  0.04  ev,  finding  virtuelly  the 

seae  velue.  Gould  end  Brovn  (1954)  aede  e  seperete  deterainetion  by 

-16  2 

e  different  alcroweve  technique  which  geve  the  velue  5.2  x  10  ca 

for  ell  energies  between  0.0  end  4.0  ev.  Anderson  end  Goldstein  (1956b) 

aede  8d.croweve  conductivity  aeesureaents  down  to  electron  energies  of  0.05 

-16  2 

end  found  e  constent  cross  section  of  6.8  x  10  ca  . 

Thus,  for  the  cese  of  electron-heliua  scettering,  it  eppeers 
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reesoneble  to  eccept  the  velue  q^  ■  (5.6  ±  0.6)  x  10  ca  ,  corres¬ 

ponding  to  en  uncertelnty  of  lOX,  over  the  energy  renge  0.0  to  5.0  ev. 

The  everege  aosMntua  trensfer  cross  section  is 

Qp(He)  -  (5.6  +  0.6)  x  lo‘^^  ca^  ,  (32) 

independent  of  the  electron  teapereture. 

The  velues  of  for  the  different  geses  considered  here  ere 

shown  in  Figure  5  es  e  function  of  electron  taq>ereture.  The  lergest 

cross  sections  ere  essocieted  with  H  end  M,*  these  reeching  velues 
-16  2  -16  2  ^ 

of  60  X  10  ca  end  12  x  10  ca  ,  respectively.  The  cross  sections 
of  He  en  0  ere  essentielly  constent  over  the  renge  of  teaperetures  in- 
diceted  here.  However,  there  aust  exist  soae  uncertelnty  in  the 
velocity  dependence  of  q^  for  severel  geses.  For  N2  end  0^  the  un- 
certeinty  in  should  be  less  then  20X  (Bngleherdt,  et  el.  1964  ; 

Phelps  end  Heke,  1965)  while  for  He  e  velue  of  lOX  is  edequete.  It 
ie  difficult  to  essess  the  possible  error  in  the  quentua  celeuletions 
of  q^  for  H  end  0  but  the  previous  erbitrery  estiaetes  of  ±  2SX  end  4 
30X,  respectively,  should  be  reesoneble.  In  feet,  further  experiaen- 
tel  studies  of  H  end  0  ere  needed  to  check  the  theoretieel  cross  sec¬ 
tions  presented  here. 
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2,  Cross  Section  for  Charged  Particles  ^ 


The  momentum  transfer  cross  section  for  charged  particles 
of  arbitrary  mass  can  be  derived  through  a  knowledge  of  the  differen¬ 
tial  scattering  cross  section  and  application  of  equations  (2c)  and 

•  2 

(11).  For  electrical  forces  the  Interaction  varies  as  r  and  the 
Rutherford  differential  scattering  cross  section  applies  In  the 
form  (McDaniel,  1964) 


0(9, g) 


(33) 


where  p  Is  the  two  particle*  reduced  mass,  Z.  «  are  the  respective  atomic 

A  #2 

charges,  e  Is  the  electron  charge,  and  9  Is  the  center  of  mass  scattering 
angle.  Applying  this  to  equation  (2)  yields 


q 


D 


8n 


Z.Zj* 


2pg 


2  J 


2 


(34) 


The  normal  limits  of  Integration  for  equation  (2)  should  cover  all 
scattering  angles  between  0  and  n  radians.  However  It  Is  found  that 
the  use  of  zero  for  the  lower  limit  causes  the  Couload>  Integral  to 
diverge.  To  prevent  this,  the  Integration  Is  arbitrarily  truncated  at 
a  minimum  angle,  9  ,  whose  value  must  be  determined  from  the  para- 
meters  of  the  charged  particle  gas.  Prom  Bachynskl  (1965)  the  relation 
between  the  Impact  parameter,  b,  the  scattering  angle,  9,  and  the 
relative  velocity, g.  Is  given  by 


2 

(1  -  cos  6)  •  - ^  (35) 

,  1  ♦  (b/b  )‘ 

Z^e 

where  b  ■  *  using  previously  defined  quantities.  Prom  this 

o  • 

equation  It  lli^seen  that  the  minimal  scattering  angle,  9^,  Is  deter¬ 
mined  by  the  maximum  value  of  the  Impact  parameter  b.  As  discussed 
bu  MontgoMry  and  Tldman  (1964),  collisions  leading  to  large  scattering 
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angltt  rare  in  a  plaaaa  ainea  the  long  range  Couloab  force  tends 

CO  deflect  the  slow  theraal  particles  only  through  somII  angles.  A 

good  approxiaa  .on  is  chat  b  »  b  ,  with  the  result  that  equation  (34) 

o 

baccMs 


/  b 

(1  -  cotej  ■ 

where  is  the  auxlaua  iapact  parasMter  corresponding  to  0^. 


Several  different  approeches  have  been  taken  to  relate  Che 
ehareeCerlstic  paraaeters  of  the  plasaa  to  the  aaKlaua  iapaet  para- 
■eter  b^.  Chapaan  and  Cowling  (1952)  asaueed  that  the  aexfii  inter* 
acclon  distance  was  Halted  to  the  average  interparticle  spacing. 

This  Ignored,  however,  the  Influence  of  the  longer  range  eelllslons 
which  are  responsible  for  Che  saall  angular  deviations  of  the  electrons. 
A  aore  accurate  treataent  was  introduced  by  Cohen,  at  al.  (1950)  who 
took  Into  consideration  the  shielding  of  charge  due  to  electrostatic 
polarisation  effects.  By  aeans  of  Poisson's  equation  in  conjunction 
with  the  Boltaeann  equation  for  nearly  equillbriua  conditions.  It 
can  be  shown  (Salpeter,  1963)  chat  the  potential,  f(r)  of  a  particle 
of  charge  Z^e  at  an  origin  of  coordinates  within  e  plasaa  is  given  by 

f(r)  -  exp  (*r/Ajj)  ,  (37) 

where  r  is  the  radial  separation  distance  end  is  the  Debye  shielding 
dletanee,  defined  as 


4ne 


(3B) 


with  T.  ,  the  respective  Naxwelllen  tsaperecures  end  n, the  nshber 
densltlee.  for  a  plaaaa,  the  Debye  length  represente  Che  aaxi— 
dlstenee  over  which  sdcroscopie  density  fluctuations  are  correlated 
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by  random  electric  fields.  The  Debye  length  can  also  be  interpreted 
as  a  measure  of  the  effective  range  of  the  Coulomb  interaction  between 
two  charged  particles.  Cohen,  et  al.  (1950)  essentially  prove  this 
and  conclude  that  the  Debye  length  should  be  used  in  equation  (34)  as  the 
ouxlmum  impact  parameter.  Therefore, 


2pg 


) 


(39) 


for  the  velocity  dependent  momentum  transfer  cross  section.  This 
equation  is  a  general  relation  for  particles  of  arbitrary  mass  and 
can  be  used  for  electron-ion,  electron-electron,  and  ion-ion  inter¬ 
actions. 


The  argument  of  the  logarithm  in  equation  (39)  can  be 
revrlten  in  terms  of  the  energy  c  of  two  colliding  particles,  as 
viewed  in  the  center  of  mass  system,  in  the  form 


A  - 


Z  Z  e 
12 


2c 


Z  Z  e 
12 


(40) 


This  term  is  coMon  to  all  calculations  of  lonlscl  gases  and,  accor 
ding  to  Chapman  (1956),  can  introduce  a  possible  ' rror  of  lOX  into 
the  derivation  of  the  cross  section.  Table  1  lists  Che  values  of 
In  A  for  various  particle  energies  and  Debye  lengths. 


For  the  ionospheric  conditions  of  particle  energies  and 
Debye  lengths,  it  is  found  that  most  normal  variations  lie  within 
the  Indicated  uncertainty  of  lOX  at  15.0  ^  l.S.  However,  for  seme 
problems  Involving  very  energetic  photoelectrons.  a  highar  value 
may  be  required. 


-  26  - 


T«bl«  1  Values  of  In  A 


e(«vr*k^ 

0.1 

0.5 

1. 

2. 

5. 

10. 

20. 

50. 

100. 

Ixio'* 

9.5 

11.1 

11.8 

12.5 

13.5 

14.1 

14.8 

15.8 

16.4 

5x10** 

U.l 

12.8 

13.5 

14.1 

15.1 

15.8 

16.4 

17.4 

18.1 

Ixio'^ 

11.8  [ 

13.5 

14.1 

14.8 

15.8 

16.4 

[  17.1 

18.1 

18.8 

5xl0'^ 

13.5 

15.1 

15.8 

16.4  1 

1  17.4 

18.1 

18.8 

19.7 

20.4 

1x10^ 

14.1 

15.8 

16.4 

1  17.1 

18.1 

18.8 

19.4 

20.4 

21.1 

5x10® 

15.8 

17.4 

18.1 

18.8 

19.7 

20.4 

21.1 

22.0 

22.7 

1x10^ 

16.4 

18.1 

18.8 

19.4 

20.4 

21.1 

21.7 

22.7 

23.4 

5x10 

18.1 

19.7 

20.4 

21.1 

22.0 

22.7 

23.4 

24.3 

25.0 

UlO* 

18.8 

20.4 

21.0 

21.7 

22.6 

23.4 

24.0 

24.9 

25.7 

With  aquatlona  (20)  and  (39)  It  la  posalbla  to  darlva  for 
two  gaaaa  In  tha  dlffarant  Maxifalllan  ta^paraturaa .  Tha  raault  la 

5^.  !(!^**  *  *"* 

and  la  valid  for  partlelaa  of  arbitrary  aaaa  and  charge.  An  Intaraatlng 
faatura  of  thla  eroaa  auction  la  Ita  rapid  daeraaaa  with  Increasing  gas 
tawperatures. 


/kT  kTjvl 


(41) 


For  electroo’lon  scattering  this  equation  nay  be  reduced  by 
taking  ^  *1  • 


a  (Z  a  >  la  A 

Qp  (•-!)  -  j  - 2 - 

^  oaj 


(42) 


dependent  only  upon  the  electron  tenperatere 
with  la  A  •  ISi 


rlcally  this  beccaea* 
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Q^(e-i)  -  (6.6  ±  0.6)  lo“V^  ca^  (43) 

A  brl«f  coap«rlson  can  be  aade  here  regarding  the  relative 

iaportance  of  electron*neutral  and  electron*ion  collldona.  For  nu- 
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aerical  purposes  a  general  electron-neutral  cross  section  of  5x10  ca 
is  adequate.  Thus,  the  ratio  of  the  electron-neutral  cross  sections 
can  be  written  as 

R  -  Q«l/Qen  -  1-3  X  Ic'V  .  (44) 

Since  the  electron  teaperature,  T^,  generally  aesuaes  values  between 

250*  and  36CO*iC  in  the  upper  ataosphere,  we  see  that  the  ratio  of  the 

6  4 

cross  sections  varies  froa  2x10  to  1x10  .  This  iiq>lies  that  the 

effects  of  electron-ion  collisions  will  becosM  iaportant  when  the 

-7  -4 

ratios  of  the  ion  to  neutral  densities  reach  5x10  and  1x10  , 

respectively. 

IV:  EUBCTRON  COLLISION  FtmUENCIIS  AND  ENEBCT  TIANSm  RATES 


1.  Neutral  Cases 

The  smentua  transfer  cross  sections  for  electron-neutral 
collisions  which  were  adopted  in  the  previous  section  can  be  used 
to  arrive  at  expressions  for  the  electron  energy  transfer  collision 
frequencies  and  energy  transfer  retea.  Tables  2  end  3.  respectively, 
give  the  final  results. 

A  comparison  of  these  veluee  can  be  aede  with  those  previously 
reported.  Care  aust  be  taken,  however,  to  consider  only  elastic  energy  loss 
processes  since,  as  shown  by  Cerjuoy  and  Stein  <1955)  and  Frost  and  fhelpe 
(1962) .  the  lapect  exciatatlon  <f  rotational  end  vibrational  states  in 
dlatoaic  molecules  can  be  an  efficient  energy  lose  process  for  an  elec* 
tron  gas. 
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•  ^ 

Tablt  2  llaetron  Collltloo  PrtquADelat  (ste  ) 

:  %  ■  2.33x10*^**  n(llj)  [l  -  1.21xlo“^  T^] 

0^  •  \  •  1.82*10*^°  n(0j)  [l  ♦  3.6xl0’* 

0  :  V  -  2.8x10*^®  n(0)  T 

•  • 

1  s  %  •  4.5xJ0‘’  ii<H)  [l  -  1.35x10*^  T^] 

B«  :  V  ■  4.6x10  n(H«)  T 

•  • 

•3  .1 

Tablt  3  llastle  Ilaetron  Atxrgy  Trantfxr  R«t««  (xv  ea  mc  ) 

■j  :  «^/dt  •  -  1.77x10*^’  n^r  \:^)  [l  -  1.2U10*^  T^]  (T^-  T) 

Oj  :  dO^/dt  -  -  1.21xl0'^®  V^®2^  3.6x10**  T^*  (T^-  T) 

0  :’dO^/dt  •  -  3.74x10*^®  i  n{0)  (I^-  T) 

B  .  dO^/dt  -  -  9.63x10*^®  n^n(H)  [l  -  1.35x10*®  T^]  (T^-  T) 

Bx  :  dO  /dt  •  •  2-46x10*^^  n  o(Hx)  T  (T  *  T) 

X  X  X  X 

For  B^i  Dxlfxmo,  xc  xl.  (1963)  uxxd  xa  xnxrty  loxt  xBuxtloo 
%41eh  vxx  Mxxd  ttpon  thx  eroxx  xxetlon  Maxurawicx  of  Pxck  xad 
fbclpx  (1961).  Thlx  gxvx 


«  (»•) 


•  •  9.85x10 


I  (T  -  T)  n(II  )  a  xx 

XX  2  X 


A  dixxrxpxaey  lx  xocxd.  howxxxr ,  if  oox  uxxx  thx  xxlux  of  glxxx 
la  xB«xtloQ  (25)*  which  ix  xlxo  xxlid  for  thx  low  txwpxrxturxx  idMrx 
clM  dxtx  of  tack  xad  fhxlpx  (1961)  apply.  It  xppxxrx  that  XBwwtioa  (45) 
ix  X  fxxtor  of  1/2  xBxllxr  thxa  would  kx  foood  throagii  xpplioxtioa  of 
thx  xedt'sj  trxaxfxr  rxtx  gixxa  by  xquxtioa  (18).  Boaex*  it  ix  fowad 
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that  equation  (45)  underestliaates  the  elastic  energy  transfer  rate 

for  T  <  3600*K. 
e 

In  considering  O21  Dalgarno,  et  al.  (1963)  adopted  the  value 


“''e  '  2'  -20  -3  -1 

—  -  -  6.1x10  T  (T  -  T)  n(0,)n  ev  ca  sec  ,  (46) 
dc  e  e  Z  e 

based  upon  the  aicrowave  studies  of  A.V.  Phelps  (Dalgamo,  1^61) . 

This  equation  yields  energy  loss  rates  which  are  20  to  30l  larger 

than  those  given  in  Table  3.  This  difference  arises  froa  the  use 

here  of  never  cross  section  data  and  the  application  of  the  exact 

energy  transfer  equatior. . 


The  preblea  of  electron  energy  loss  in  atoaic  oxygen  has 

been  considered  by  Hanson  and  Johrison  (1961)  and  Hanson  (1963).  In 
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the  latter  paper  a  cross  section  of  2x10  ca  was  adopted,  leading 
to  an  energy  transfer  rate  of 


dU  (0) 

* 

dt 


1.42x10  T  (T  -  T)  n(0)n  ev  ca  ^ 

0  ^  ^ 


(47) 


If,  however,  equation  (18)  had  been  applied  with  the  sC'ted  cr^ss 
section,  this  race  would  be  a  factor  of  1.55  greater.  In  thj  saaa 
way,  Ik.lgarno.  et  al.  (1963)  took  a  cross  section  of  6x10  ea* 
and  arrived  at  the  expression 


dU^(O) 

dt 


-  1.3x10  n(0)n^  ev  ca  ^  sec  ^ 


(48) 

Again,  the  direct  use  of  their  cross  section  in  equation  (16)  leads 
to  tne  value 


(0) 

—I _ 

dt 


6.6x10  T  n  • 

a  e 


T)  n(0)n^  ev  ca 


•3 


-I 


(49) 
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vhich  iii  A  factor  of  5.7  lower  than  the  present  rate.  However i  If  Che 

rate  given  by  equation  (48)  Is  their  final  result,  then  the  actual  mo- 
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isentuia  transfer  cross  section  used  was  1.8x10  ca  which  Is  close  to 
the  value  adopted  here. 

For  atoalc  hydrogen  and  hellua  there  appear  to  be  no  de¬ 
terminations  of  energy  transfer  rates  which  could  be  used  for  coBq>a- 
rlson  with  this  work. 


2.  Charged  Particles  Gases 


Using  the  previous  value  for  Q^,  the  charged  particle  col¬ 
lision  frequency  of  a  particle  of  mass  a^  In  a  gas  of  particles  of 
mass  m^  is 


(50) 


To  reduce  this  to  electron-ion  scattering  we  take  ^1^*1 

and  •  1  giving 


V  ■  “  VJn  n. 
e  3  I 


2  2 

(Z^e^)*  In  A 


(kT^) 


3/2 


or,  numeric  ly  with  In  A*  IS., 


(51) 


—  3/2  -1 

V  -  (54.  +  5.)n,/T  ‘  sec  .  (52) 

e  ~  1  e 

This  result  agrees  with  chat  derived  by  Nlcolet  (1953)  froa  the 
work  of  Chapman  and  Cowling  (1952). 


There  have  been  three  experlsainCal  studies  which  have  sub¬ 
stantiated  the  expression  adopted  here.  Anderson  and  Goldstein  (1956a) 
conducted  microwave  experiments  in  a  decaying  nitrogen  plasm  and 
found  a  collision  frequency  which  agrees  with  equation  (52)  to  within  lOX. 
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Chen  (1964)  hes  reported  a  aore  refined  experinental  technique  which 
permitted  him  to  measure  the  electron-ion  collision  frequency  in  a 
neon  plasma.  He  found  tnat  equation  (52)  correctly  represents  the 
collision  frequency  over  a  vide  range  of  temperatures  and  ion  den¬ 
sities.  The  numerical  results  of  his  experiments  agree  to  within  6%. 
Mentzoni  (1965)  has  also  been  able  to  confirm  the  validity  of 
equation  (52)  to  within  the  indicated  accuracy  of  10%. 

The  energy  transfer  rate  between  two  charged  gases  hav'nc 
Kaxwellian  velocity  distributions  but  no  restriction  on  the  temp^rn- 
tures  or  masses  is 


<iu,  <*iV*)* 

-  -  4  Vin  krti'  Tj) 


In  A 


kT,  kT.,,  3/2  ’ 


V«1 


(53) 


which,  for  electron-ion  energy  transfer,  reduces  to  the  well  known  form. 


1/2 


dU  m  (Z 

TIT  -  -  ^  VTn  n  n,  -* -  k(T  -  T  J  — 

dt  e  1  m^  e  i  „ 


2  2 

(Z,e  )  In  A 


(kT^) 


3/2 


(54) 


Numerically,  this  becoews  for  singly  charged  ions. 


-6  ^^e”  "^i^  -3  -1 

—  ■  -  (7.7  0.8)  X  10  n  n  - 77;“  ev  cm  sec  (55) 

dt  “  e  1  .  _  ifi 

^i^e 

where  is  the  ion  atoed.c  mass  in  amu. 

It  is  in<  sresting  to  note  that  for  a  fixed  temperature  T^ 
in  equation  (53)  there  occurs  a  maximum  energy  transfer  rate  which, 
for  the  general  ease,  is  found  at  a  temperature  T^^  ■  (3 
For  electron- ion  energy  transfer  this  reduces  to  the  usual  result  that 
T^  -  3T^.  This  analysis  ignores,  however,  the  contribution  of  the 
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^•■p^irAture  dependence  of  the  tens  In  A.  For  electron -ion  energy 
trenefer  inclusion  of  this  effect  lends,  for  In  A  «  15,  to  the 
relntion  ■  3.5  T^,  an  Increase  in  the  critical  teaperature  by  16X. 

The  Importance  of  equation  (53)  lies  in  the  possibility  of 
describing  all  charged  particle  energy  transfer  in  terms  of  one  general 
result  i  the  reduction  to  electron-ion,  electron-e-lec tron ,  or  Ion-ion 
cases  being  made  simply  through  a  proper  choice  of  subscripts,  charges  and 
mass  ratios. 

V.-  SUIflART  AND  CONCLUSIONS 


It  has  been  shown  that  a  suitable  ssmthesis  can  be  made 
of  the  elastic  energy  transfer  equation  such  that  a  generalized 
energy  transfer  collision  frequency  can  be  defined  for  conditions 
of  thermal  nonequilibrium.  In  considering  the  specific  problem  of 
electron-neutral  collisions  it  was  necessary  to  analyze  both  labo¬ 
ratory  data  and  theoretical  studies  of  scattering  phase  shifts  in 
order  to  arrive  at  satisfactory  expressions  for  the  average  momen¬ 
tum  transfer  cross  sections.  Thus,  while  Q.  for  N. ,  0.,  and  He  are 
founded  upon  experimental  results,  the  values  for  0  and  H  have  been 
newly  derived  from  the  recent  theoretical  calculations  of  scattering 
phase  shifts. 

The  derivation  of  the  charged  particle  momentum  transfer  cross 
section  was  shown  to  follow  from  the  standard  expression  for  the  Rutherford 
differential  scattering  cross  section  and  the  final  expressions  are 
valid  for  charged  gases  of  arbitrary  temperatures  and  particle  masses, 
relativistic  effects  being  ignored.  A  comparison  of  the  electron-ion 
and  electron-neutral  cross  sections  was  made  to  indicate  the  much  lar¬ 
ger  value  which  is  associated  with  charged  particle  collisions. 
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Using  the  different  mooentum  transfer  cross  sections 
electron-neutral  collision  frequencies  and  energy  transfer  rates 
were  derived  and  compared  with  expressions  previously  used.  In 
general,  the  differences  between  various  authors  can  be  as  large 
as  a  factor  of  two. 

The  problem  of  ion  collision  frequencies  and  energy 
transfer  will  be  discussed  in  a  subsequent  paper. 
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